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c. Objective identification of monsoon depression-dry intrusion interactions

130
Here we describe our algorithm for objective identification of interaction between MDs and 131 dry intrusions. This algorithm was developed for this study and is only applied during instances 132 when a monsoon depression was previously identified by the algorithm in Section 2b. Much of 133 this algorithm's development was guided by visual examination of plots similar to those in Figure   134 1, over a range of pressure levels, for the 29 monsoon depression that occurred during the years 135 2000-2009. 136 First the algorithm calculates RH CT R , the average relative humidity between 700 and 500 hPa 137 over 3 × 3 gridpoints (roughly 150 × 150 km 2 ) centered on the MD center. 700-500 hPa was 138 chosen because these are the heights where dry intrusions such as these have been studied before 139 (e.g., Parker et al. 2016) , and because we wanted to capture features that extended vertically over a 140 significant depth. Then the algorithm calculates ∆RH, the difference between RH CT R and the 700-141 500 hPa mean relative humidity of all gridpoints within ten degrees of MD center (in the western 142 half only). It then searches for contiguous regions such that every gridpoint within the region has 143 ∆RH greater than a specified threshold value. If at least one such contiguous region exceeds a 144 threshold size, for two consecutive time steps, a dry intrusion interaction is diagnosed. Bengal. Twenty-four hours later, in Panel b, the dry intrusion has moved east and the MD has 150 moved slightly west, so a small fraction of the area where ∆RH exceeds the threshold is within 151 ten degrees of the MD. However, this area is not above the threshold size, and so no dry intrusion 152 interaction is diagnosed. shows the interaction several days later, when the MD has propagated further west and swept the 157 dry intrusion into the outer half of the MD circulation.
158
In order to choose the threshold values for ∆RH and the size of the dry region, we applied the 159 algorithm to a range of thresholds. To do this, we calculated the frequency with which contiguous 160 regions west of MDs of a specified size had ∆RH within a given bin. As in the identification 161 algorithm, this ∆RH was applied to every gridpoint within the contiguous region, not just the 162 mean. Figure 2 shows these distributions for several choices of specified region size. For all 163 size choices, this distribution is skewed. It may be regarded as the sum of two distributions: a 164 normal distribution representing the variation of mid-level relative humidity outside MDs and in 165 the absence of dry intrusions, with a peak at ∆RH 20%; and a skewed distribution with a peak 166 at about 50%, representing dry intrusions. The results suggest that a choice of threshold ∆RH of 167 40% or 50% and a threshold size of 40-60 gridpoints will capture the tail of the distribution. 168 a dry intrusion encounter was identified. We tested sensitivity to the following: the exclusion or 172 inclusion of gridpoints with high orography; whether dry air masses are sought to the north as well 173 as the west (so that only the southeast quadrant of the area around the MD was excluded from the 174 search); the distance from MD center for which dry regions were searched; the threshold size of 175 the dry air mass; and the threshold relative humidity difference between MD center and the dry air 176 mass.
177
Some of these tests had only a small impact on the results. The parameters that the algorithm 178 was sensitive to, and their effect on the number of identifications, is shown in Interim output time (e.g., those in Section 3c), the number of degrees of freedom was reduced 193 from sample size N to N * using the formula of Bretherton et al. (1999) :
with an output time step t of six hours and an autocorrelation e-folding time scale T of 24 hours
195
for synoptic scale flow (Daoud et al. 2003) . As dicsussed in Section 1, MDs tend to make landfall at the north Bay of Bengal coast (Fig. 3) . it is reduced to the south. It is possible that dry intrusions reduce the size of MDs, which may be 290 related to the strengthening of the vorticity at MD center.
291
The circulation associated with the PV anomalies is indicated by schematic arrows into and 292 out of the page in Fig.7d . The meridional wind anomalies (Fig. 7c In Fig. 7e , we see increases in pressure velocity (reduced ascent) to the west of the MD center, 301 extending to near the tropopause. The increase in rainfall near the MD center is accompanied by 302 increased ascent there between 900 and 400 hPa.
303
The effect of dry intrusions on ascent might be understood partially in terms of the quasi- 
where L is a Laplacian operator, ω is the pressure velocity, f 0 is the f-plane approximation of 307 the Coriolis parameter, u g and ζ g are the geostrophic wind vectors and relative vorticity.
308
Boos et al. (2015) showed that the full QG forcing (which includes terms not shown in Eqn.
309
2) qualitatively predicted ascent to the southwest of the MD center and descent to its northeast.
310
All else being equal, the change in zonal wind shear shown in 317 Figure 7 suggests the cause of the reduction in MD propagation speed with dry intrusions (Table   318 2). Boos et al. (2015) suggested that MDs propagate by adiabatic advection of PV. They pri-319 marily identified this mechanism for the 500 hPa PV maximum observed at MD centers, which 320 is advected westward by the wind at that height. They also identified a 700 hPa PV maximum,
and argued that it propagated northwestward through a combination of horizontal advection to the 322 north-northwest and diabatic PV tendencies to the southwest.
323
The dry intrusion is associated with anomalous westerlies in the upper troposphere, slowing the tropopause.
336 Figure 8 shows the meridional cross section of PV through the MD center (i.e., the vertical line 337 in Fig. 5a ) and the composite difference of 100 hPa PV. In the meridional cross section, the lower 338 tropospheric differences in the north are not statistically significant and occur at pressure levels 339 higher than mean surface pressure north of the median locations of MD centers. The biggest 340 difference is between 300 and 100 hPa, where MDs with dry intrusions have much higher PV.
341
In this same region is a large (5-20 K) potential temperature anomaly (not shown), suggesting the Okubo-Weiss parameter ∆ is defined as:
The three parenthesized terms on the right hand side of Equation 3 are the stretching deforma-353 tion, the shearing deformation, and the vorticity, respectively. If the third term is larger than the 354 sum of the first two, ∆ < 0 and the flow is eddy-like. This inhibits stirring with external air masses.
355
If ∆ > 0, the flow is subject to large scale mixing. We expect the dry intrusion to have a greater Afghanistan comes into view; the very low TCW in the upper left is more associated with topog-378 raphy than with the dry intrusion. However, closer to the composite MD center we see a steady 379 drop in TCW to the west of the MD. As early as twelve hours after the interaction is identified (Fig   380   10d ), substantial drying out is seen to the south of the composite MD as well as to the west, as the 381 MD incorporates the dry intrusion into its circulation. By 24 hours, the effect of the dry intrusion 382 is seen throughout the MD, including near its center, although the effect is most prominent to the this is a region of climatologically low PV (Fig. 12) . There is anticyclonic PV advection from between MDs, dry intrusions, and the extratropics will be explored more in future work.
408
In the lower troposphere (700-500 hPa, right panel), the winds and PV show anomalous anti- 
424
The black line in Fig. 14 Figure 15 . When a monsoon 438 depression encounters a dry intrusion, it sweeps the dry air mass into its own circulation.
439
The effect of dry intrusions includes:
440
• A near near 50% reduction of surface precipitation in the southwest quadrant of the depres-441 sion, where precipitation is greatest in MDs generally;
442
• A 25% increase in MD lifetime compared to MDs with no dry intrusion;
443
• A 10% reduction in propagation speed;
444
• A reduction in potential vorticity and vertical ascent, as well as a weakening of shear in the 445 zonal wind, west of the depression center;
446
• An increase in potential vorticity and rainfall, near and slightly east of the MD center, partic-447 ularly in the upper troposphere. as well as a high resolution convection-permitting simulation of the same case. With this we will 468 be able to examine the dynamics of this interaction more closely and address the questions above. MDs, MDs with no dry intrusions, and MDs with dry intrusions. All differences between DI and noDI were found to be significant (see Section 2d, number of degrees of freedom = number of events). intrusions. Right column shows the difference (DI composites minus noDI composites).
593
Masked areas are locations where high orography occurs frequently within the composites. 
